Abstract-In this paper, an extended optimal power-flow (OPF) model incorporating a detailed model of a voltage-source converter-based-multiterminal high-voltage direct current system (VSC-MTDC) is proposed, hereafter referred to as the mixed ac/dc OPF (M-OPF) model. A cost-benefit analysis approach using the M-OPF model as the calculation engine is proposed to determine the preferred VSC-MTDC alternative to be installed in an existing ac transmission system. In this approach, the operational benefits of VSC-MTDC systems are evaluated against their investment costs to derive the benefit-to-cost ratios (BCR) which reflect the cost-effectiveness of the alternatives. A case study has been carried out using a modified Nordic 32-bus system. The results of the study show that VSC-MTDC systems might lead to a reduction in total operation cost, and the reduction of the total system transmission loss depends to a large extent on the VSC-MTDC configuration. The results from sensitivity analyses show that if the VSC loss could be reduced to a third of the original level, the total benefit from the system would be increased by about 70%. A suggestion for the placement and configuration of a VSC-MTDC system is made based on calculated BCRs.
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I. INTRODUCTION

A. Background and Motivation
T HE electric power system is facing great challenges. The integration of large-scale renewable power resources increases the uncertainty of power generation. The interconnected electric power market requires more flexible power flow. The public pressure due to the environment impact of overhead transmission lines results in difficulties in the reinforcement of the aging transmission infrastructure system. High Voltage Direct Current transmission system based on Voltage Source Converter (VSC-HVDC) exhibits great positive potential in dealing with these challenges thanks to its specific performance characteristics [1] - [3] , e.g., providing flexibility and controllability in managing real and reactive power flows, and possibility of using extruded XLPE dc cables. The multiterminal VSC-HVDC system (hereafter denoted as VSC-MTDC) can offer additional controllability in the transmission system to enable the system to be operated in an optimized way since it can affect the power flow of the connected ac grid across a much larger area compared to the two-terminal VSC-HVDC system.
To fully understand and evaluate the potential effect of VSC-MTDC on the steady-state operation, e.g., the reduction of power losses and generation cost, an optimal power-flow model (OPF) [4] of the mixed ac/dc grid, incorporating the VSC-MTDC system, is needed. Such an extended OPF model of a mixed ac/dc transmission system (denoted in this paper as the M-OPF) plays an important role in determining the potential operational benefit in the planning process when considering VSC-MTDC as reinforcement candidates. It is also indispensable for the optimal operation of the electric power system.
Towards this end, several research works have been carried out proposing models and methods for inclusion of a VSC-MTDC system into the power-flow calculation of a mixed ac/dc transmission system. A unified method to calculate the load flow of a mixed ac/dc grid has been proposed in [5] . However, the VSC station (including VSC, phase reactors, and ac filter, and excluding the transformer) was modeled as a voltage source in [5] , which did not present a general configuration of a VSC station, and is not capable of reflecting the influence of station equipment (e.g., an ac filter) on the actual power flow. A more detailed VSC model on the basis of the general configuration of a VSC station was introduced in [6] and [7] for the power-flow calculation of a mixed ac/dc grid. However, the OPF model was not considered in these two studies. An OPF model incorporating a VSC-HVDC system was introduced in [8] and the VSC-HVDC system introduced in the paper is limited to a two-terminal configuration. OPF models incorporating a VSC-MTDC system were proposed in [9] and [10] . The VSC (converter itself) was modeled as a power source connecting the ac and dc grid in these two papers. However, the OPF model in [9] only included the power relationship between the ac and dc sides of a VSC; the voltage relationship was not considered. In [10] , the whole VSC station is modeled as a power source, which is similar to the method shown in [5] . Therefore, the influence of station equipment (e.g., an ac filter) on the actual power flow cannot be reflected either.
When the VSC-MTDC system is considered for network reinforcement of an ac transmission system, the economic assessment of a proposed VSC-MTDC system will be one of the most important tasks during the overall transmission planning phase. Before deregulation, the electric power system was vertically integrated and centrally managed. The decision on expansion projects was based on the investment and operation cost minimization principle [11] . In a deregulated electricity market, the transmission planning is driven by market based initiatives, and the target of the transmission expansion focuses on the maximum social welfare, e.g., increasing transmission capacity to allow the most efficient use of generation [12] . Numerous studies focusing on the various aspects of the transmission expansion planning in a competitive electricity market were proposed [12] - [14] , e.g., simulating the electricity market, modeling the electric power system, defining the objective functions, etc. The transmission expansion planning process and methodologies commonly used nowadays in practices is introduced in [12] and [15] . The whole planning process is identified as a multi-objective task with consideration of uncertainties and risk situations, and the cost-benefit analysis for the economic assessment of alternatives is generally used during the planning process [12] .
Most of studies listed and reviewed in [12] - [15] focused on the ac alternatives in the system reinforcement, only a few papers were found considering HVDC systems, especially the VSC-MTDC systems, as candidates. The economic assessment of the VSC-HVDC connection of offshore wind farms, compared to ac alternatives, was presented in [16] . The cost of investment, operation and maintenance, and power losses of both ac and dc alternatives were compared and the break-even point of ac versus dc transmission was analyzed. The economic evaluation of an embedded HVDC system in an ac grid was presented in [17] and [18] . The economic benefit of HVDC project was analyzed on the basis of a market simulation in [17] . The benefit was defined as the sum of consumer, producer, and transmission surpluses. In contrast, an economic evaluation of the HVDC focusing on the cost minimizing was presented in [18] . The investment and maintenance cost as well as the cost of power losses were considered. However, the HVDC systems (VSC or LCC HVDC) in these papers were limited to the two-terminal configuration. A hybrid ac/dc transmission expansion planning model was proposed in [19] to minimize the total investment, operation and load shedding costs. However, the dc network was represented as a simple model neglecting the dc power-flow equations.
When a meshed dc grid, such as a VSC-MTDC system, is embedded into an ac grid, its influence to the system overall power flow is much complicated than HVDC links integrating offshore wind farms or two-terminal HVDC systems in an ac grid. Therefore, the benefit from using embedded VSC-MTDC system should be evaluated from the perspective of the whole mixed ac/dc system, such as the benefit from reducing the total generation cost and system power losses. Meanwhile, the investment cost of a VSC-MTDC system, is much higher than the cost of corresponding ac alternatives. Therefore, the proper economic assessment of the HVDC system should include both benefit analysis and cost comparison, which is the main reason that the cost-benefit analysis is used for the economic assessment of VSC-MTDC systems in this paper.
B. Objectives and Main Contributions of the Study
The main objectives of this paper are to propose a Mixed ac/dc OPF model (M-OPF) to incorporate the VSC-MTDC system with a general configuration which can be used for the operation and planning purposes of the ac transmission system with an embedded VSC-MTDC system. In this study, the proposed M-OPF model is used as a calculation engine in a cost-benefit analysis approach for the economic evaluation of the embedded VSC-MTDC systems compared to other dc and corresponding ac alternatives during the transmission expansion planning process when VSC-MTDC systems are considered as candidates. In this approach, the operational benefits of the VSC-MTDC systems are evaluated against their investment costs to derive the Benefit-to-Cost Ratios (BCR). Thus, the configuration and location of the preferred alternative of VSC-MTDC systems can be suggested based on the BCR values. 
C. Organization of the Paper
The paper is organized as follows: In Section II, the modeling of the VSC-MTDC in the OPF is presented. Section III describes the proposed formulation of the M-OPF model. Section IV presents the proposed cost-benefit analysis approach using the proposed M-OPF model. The results and discussions of the case study using the M-OPF model and cost-benefit approach are presented in Section V. Finally, the conclusions of this study are presented in Section VI.
II. MODELING OF VSC-MTDC IN AN OPTIMAL POWER-FLOW FRAMEWORK
A general mixed ac/dc system with VSC stations is depicted in Fig. 1 . It should be noted that the VSC refers to the voltage source converter itself in this paper, and the VSC station includes VSC and other equipments, e.g., phase reactors, filters, and transformers. As can be seen, the mixed ac/dc system consists of two major parts: the meshed ac grid and dc grid which are connected by VSC stations at some buses. The ac network may represent ac buses, transmission lines, transformers, shunt capacitors/reactors, etc. The dc grid includes dc buses, dc cables or overhead lines, etc. The dc generations, dc loads and dc/dc converters used to transfer dc voltages to different levels may also be included in the dc network; however, they are not considered in this paper. The configuration of the VSC station shown in Fig. 1 refers to the traditional two-or three-level converter with the Pulse-Width Modulation switching method (PWM). When the Modular Multi-level Converter (MMC) using the cascade connection modulation method is used, ac filters can be omitted [20] .
The basic operation principle of the VSC station is widely familiar. By appropriately modulating the magnitude and phase angle of the voltage at the VSC ac terminal, the ac current through the phase reactor can be regulated. Thus, the active and reactive power at the Point of Common Coupling (PCC) bus can be controlled [1] . With different control strategies, the voltage and even frequency at the PCC bus can be controlled as well [21] .
A. Review of Normal Power-Flow Calculation of the Mixed AC/DC Grid
The conventional ac power-flow calculation method uses active and reactive power injections from generators as known quantities to calculate variables, e.g., bus voltages and angles. When the VSC is considered as a power source, its active and reactive power outputs are also known quantities in the power-flow equations [5] . The same concept is applied to the power-flow calculation of a meshed dc grid. The dc power injection from VSC, i.e., (as shown in Fig. 1 ), is used as a known quantity to calculate the dc bus voltages. If the VSC is treated as a lossless power exchanger, the dc power injection, , will have the same magnitude but opposite direction of the ac power injection (i.e., ). Therefore, the key point of solving the power-flow equations of the dc grid is to find the ac power injection (i.e., ) from the ac side. However, since the active and reactive power outputs of the VSC station are regulated at the PCC bus as described above, the power at the PCC bus (i.e., and ) are known, while the power at the VSC ac terminal (i.e., and ) are unknown in the power-flow calculation. Therefore, in order to solve the power-flow equations of a meshed dc grid, the ac power (i.e., ) has to be first calculated on the basis of the controlled ac power at PCC bus (i.e., and ) and the initial bus voltages or the bus voltages from the previous step of the iterative loop when the Newton-Raphson method is used. This is described in [6] as a step of a sequential method. This calculation step would increase the complexity of computation when it is included in the OPF model, and might lead to difficulties in obtaining the solutions from the OPF model.
B. Treatment of VSC-MTDC in the M-OPF Model
In the OPF calculation method, the controlled power injections from generators and VSC stations to ac or dc grids are considered as the control (optimization) variables. By selecting the optimal values of these variables, a certain operational objective of the mixed ac/dc transmission system can be achieved. When a certain power-flow solution is settled and if the transformer ratio is fixed, the optimal solution at the PCC bus (i.e., , , , and ) will have only one corresponding optimal solution on the converter ac bus (i.e., , , , and ). Therefore, the active and reactive powers flowing from the VSC to the converter ac bus (i.e., and ) can be used as the control variables in the M-OPF model, instead of the active and reactive power injections at the PCC bus (i.e., and ). This yields the fact that pre-calculating the power flow from the PCC bus to the converter ac bus would be unnecessary compared to the sequential method describe above, and consequently reduce the calculation effort.
Thus, the proposed basic approach of incorporating the VSC-MTDC system into the conventional ac grid in the M-OPF model may be described as follows:
• VSCs work as power sources injecting ac and dc power into two sides separately. If the power loss of the VSC were neglected, the injected ac and dc active power from VSCs have same magnitudes but with opposite directions. • The power injections from VSCs to the ac and dc grid are limited by constraints from both the ac and dc sides, including maximum bus voltage limits, maximum valve current limit, etc.
• The power-flow equations of the ac and dc grid are coupled by the active power exchange through VSCs. They can be used directly and solved simultaneously in the M-OPF model.
C. Mathematic Model of the VSC Station
The VSC station is modeled in steady state according to the proposed approach described above. The VSC station model includes two parts: 1) the power and voltage relationships between ac and dc sides; 2) VSC capacity constraints.
1) Power and Voltage Relationships in AC/DC Grids: As discussed above, the VSC is considered as an electric power exchanger. When power losses are neglected, the power exchange of the VSC is defined in (1) ( 1) In order to avoid the harmonics because of the over-modulation of the VSC, the peak value of the phase voltage at the converter ac bus is assumed to be lower than the corresponding converter dc bus voltage in this paper as suggested in [22] . Thus, the voltage relationship between ac and dc bus of the VSC can be defined using real values as shown in (2) (2) Equation (2) can be re-written in the per unit form as expressed in (3), where the voltage relationship factor is defined by the allowed maximum ac bus voltage (3) In this paper, the nominal dc and ac voltages are both set at 1 p.u., and the maximum ac bus voltage is assumed to be 1.1 times of the nominal ac bus voltage. Thus, is set to 1.1 in this paper. If the over-modulation mode or other methods are used for the purpose of obtaining higher voltage at the VSC ac bus, factor can be modified according to the requirement. However, these special cases are not considered in this study. The voltage at the VSC ac bus is limited by (4) (4) 2) The VSC Capacity Constraints: The normal operation of the VSC is principally constrained by the maximum current through VSC valves and the maximum dc voltage [3] . The former determines the maximum VSC apparent power limit, and the latter defines the VSC reactive power output limit. Usually, VSC constraints are applied at the PCC bus [6] . In this OPF model, VSC constraints at the converter ac bus are used because the VSC power exchange at the converter ac bus is set as control variables.
Maximum Apparent Power Constraint: Given the maximum valve current, the apparent power of VSC can be defined in (5) (5) Fig. 2 . Example of the VSC power capacity curves ( 1 p.u., 1 p.u., 0.9 p.u., 0.0001 p.u., and 0.15 p.u.).
Equation (5) can also be rewritten as in (6) 
The apparent power range on the VSC power plane defined by (6) can be plotted as shown in Fig. 2 .
Maximum Reactive Power Constraint: The maximum reactive power constraint of the VSC is defined in (7), assuming that the conductance of the phase reactor is much smaller than its susceptance.
(7)
As can be seen in Fig. 2 , the reactive power variation (the dotted red curve) inside the black circle is quite small compared to the nominal VSC rating (about 3% of the nominal VSC rating in this case). To simplify the calculation, the maximum reactive power output limit is set as the minimum value of the red curve when , which is defined in (8) . The new maximum reactive power limit is shown by the solid line in Fig. 2 
(8)
Minimum Reactive Power Constraint: The minimum reactive power constraint of the VSC is expressed by (9). This limit depends on the specific requirement of each project. In this study, to simplify the model, it is assumed as a fixed value as shown by the dashed blue line in Fig. 2 . The constraint factor is decided by the design of the real project
III. MATHEMATICAL FORMULATION OF THE MIXED AC/DC OPF MODEL (M-OPF)
This section presents the objective functions and constraints of the proposed mixed ac/dc OPF model referred to as M-OPF. It shall be clarified that the variables used in the equations of Section II will be specified with indices in this section. For example, in (1) will be presented as in (16) , which indicates the power injection to the bus i.
A. Objective Functions 1) Minimization of Total Generating Cost:
The first objective function considered in the M-OPF model is the total generation cost which will be minimized as shown Minimize Cost (10)
2) Minimization of Total Transmission Loss:
The second objective function considered in the M-OPF model is the total active power loss of the mixed ac/dc system which will be minimized as shown
Minimize (11) The total active power loss includes three components: active power loss of the ac transmission lines, active power loss on dc cables, and active power losses of VSCs, as follows.
• Active power loss of the ac transmission lines can be calculated using [23] as follows:
• Active power loss on dc cables can be calculated using
• Active power loss of VSCs can be expressed as a quadratic function of the phase current of VSC valves as shown in (14) [24] : (14) where the phase current of VSC valves can be calculated using (15)
B. Constraints
The two objective functions described before are subjected separately to the same set of technical constraints.
1) Constraints From the AC System [4]:
• AC load-flow equations:
The load-flow equations of the ac grid are modified by incorporating the active power injections from VSCs and the VSC losses as shown
• Generator active and reactive power limits
• AC bus voltage limits (20) • AC transmission line capacity limit:
2) Constraints From the VSC-MTDC System [5], [6]:
• The dc load-flow equations:
The balanced bipolar VSC configuration is considered to be the normal operation mode in this study. The dc load-flow equations of this configuration may be expressed in the following way:
• The dc bus voltage limits
• The dc transmission-line flow limits (24) 3) Constraints on VSC: Specific constraints of the VSC model were previously introduced in Section III. Equations (1), (3), (4), (6), (8) , and (9) are included in the M-OPF model.
C. Comments on the Solution Method
The proposed M-OPF model is a nonlinear optimization problem. It is implemented using a general algebraic modeling system (GAMS) [25] , and is solved with a nonlinear solver IPOPT [26] . MATLAB is employed in the data preparation and results processing.
It should be noted that the nonlinear optimization problem could have solutions based on local optimums. The IPOPT solver uses an "interior point line search filter" method [26] and is commonly used in solving large-scale nonlinear optimization problems. In the study, different popularly used solvers, including MINOS, CONOPT, and IPOPT, are tried to solve the M-OPF model. The IPOPT solver gives the best results compared to the results obtained from other solvers. The default value of the relative convergence tolerance of the algorithm of of IPOPT is used. In this paper, the focus is on the formulation of the M-OPF model rather than on the development of the advanced solution algorithms for the global optimum of the nonlinear optimization problem. For different (local optimal) solutions with the same objective function value, the total benefits obtained based on local optimums could be the same; however, the generation dispatches and system losses could be different. The focus of the analysis in this paper is on the total benefits to evaluate the economics of VSC MTDC alternatives which are therefore not affected by this issue.
IV. COST-BENEFIT ANALYSIS FOR THE EVALUATION OF VSC-MTDC SYSTEMS
In this section, a cost-benefit analysis approach to evaluate the costs and benefits of the VSC-MTDC systems over a period of time is proposed using the M-OPF model described in Section III. The approach will use the BCR, an indicator of cost-effectiveness of the projects, to rank the alternatives of the VSC-MTDC systems according to their economic performance in the case study which will be described in Section V.
The total economic benefit due to the VSC-MTDC system is defined as the sum of the reduction of the system generation cost and the reduction of the cost of the active power losses of the system compared to the case without the deployment of the VSC-MTDC system. The present value of the total economic benefit is calculated for a period of 30 years using (25) . The annual system load growth is assumed to be 0.5% over a period of 30 years. Each year is divided into four equal periods. The load coefficients of four periods are calculated based on typical peak load values for each period in Sweden in 2011 [27] and are provided in Table II . The coefficients of these periods are used to calculate the load level in each period per year (25) (26) The discount rate used in this study is assumed to be 8%. The selection of the discount rate is a rather complex issue involving the weighted average cost of capital and the risks of the projects. The lower discount rate (e.g., 5% as suggested in [28] ) would often be chosen for the low-risk project (could be smaller investment) while the higher discount rate (e.g., 10% as suggested in [28] ) would be chosen for the high-risk project (could be larger investment). It is needless to say that the change in the value of the discount rate would affect the discounted total benefit/cost of the project. For example, a higher discount rate would imply lower total discounted benefits of the project which accounts for the higher risks project. The selected discount rate used in this paper is somewhere in between. It would be interesting to see the effects of the changes in the outcomes of the analysis, that is, on the benefits and costs of the alternative projects. This is, however, not in the scope of this paper. The power price is estimated using unconstrained OPF [23] on the basis of the modified system load at season and year yr. The objective of this unconstrained OPF is to minimize the generation cost.
The calculation process for the total economic benefit is shown in Fig. 3 .
In the calculation, for each of the candidate VSC-MTDC systems, the M-OPF model is executed with the objective function (10) , that is, the minimization of the total system cost for the base case and for the case with the selected VSC-MTDC system. Each model run provides the total generation costs and total system losses simultaneously for the cases considered. The total loss is converted to the cost of total loss by multiplying the power price calculated using the same M-OPF model run but without the transmission constraints (unconstrained case). It has been assumed that the compensated power due to losses has to be purchased at the unconstrained market price. The difference between the total costs in the two cases with and without VSC-MTDC represents the economic benefits of each alternative considered. The BCR as expressed in (27) is calculated for each of the candidate VSC-MTDC systems (27) The investment cost of the VSC-MTDC system, including the cost of VSC station equipment and dc cables for each case, is estimated by linearly scaling the investment of one project presented in [29] and shown in Table III . The maintenance cost of VSC-MTDC is not taken into account. 
V. CASE STUDY: RESULTS AND DISCUSSIONS
A. Description of the Studied System 1) Nordic 32-Bus System and Assumption:
The Nordic 32-bus system is a benchmark grid representing the fundamental features of the Swedish HV transmission system [30] . The single-line diagram of the system is shown in Fig. 4 .
All generators of the Nordic 32-bus system are classified into four types: hydroplants, nuclear plants, coal thermal plants, and others. The generation cost coefficient data in the system are not available. In this study, the cost coefficients for each type of generation are estimated by using the typical values provided in [31] . The values calculated were calibrated using the generation costs of different types in the Nordic countries for 2003 [32] . Finally, they were further adjusted so that the calculated unconstrained market price would be in the current market price range for the Nordic day-ahead market [27] . The calculated cost coefficients for all system generators are provided in Table IV .
Definition of the Study Cases: A total of 16 study cases corresponding to the base case (i.e., the original Nordic 32-bus system without any VSC-MTDC system) and another 15 cases representing cases with different VSC-MTDC configurations were considered in the study. The dc cables of the VSC-MTDC system are in each case used to replace corresponding ac transmission lines. The motivation behind the definition of these cases is to increase transmission system capability, or replace the ac transmission lines with high losses by dc cables. With the VSC-MTDC system embedded, the transmission system is expected to transfer more hydro power from the North to the South in the system and/or some heavily loaded ac transmission lines could be relieved. Thus, the total generation cost or system power losses could be reduced. Table I lists all considered cases. In all study cases, it is assumed that the number of terminals of the VSC-MTDC system is limited to four, and the VSC stations are assumed to be identical. The configuration of VSC stations is shown in Fig. 1 , and the parameters of the VSC station used in the study are listed in Table V. The converter transformer is assumed to have a fixed turnsratio. The VSC power loss at the nominal condition is assumed to be 1.76% of the nominal VSC rating as suggested in [24] . When the new generation of VSC is used, the VSC loss value can be reduced to 0.9% or even further reduced to 0.5% for the MMC [33] . The effects of the lower loss values of VSC to the total benefit are tested by means of sensitivity analyses described in Section V-B3. The loss coefficients of the VSC station are derived from the "South West Link" HVDC project in Sweden [24] , and are scaled to fit the VSC rating. The total power losses of all VSCs are determined by (14) . The topologies of the selected VSC-MTDC systems are shown in Fig. 5 .
The type of dc cable is selected from [34] according to the VSC rating. A land cable with the aluminum conductor area of 2000 mm is used. In order to obtain the lumped resistance of each dc cable, the length of the corresponding ac transmission line is estimated based on the resistance of the line and the general unit resistance. Thereafter, using the same length of ac transmission line, the lumped resistance of the dc cable is calculated. 
B. Cost-Benefit Analysis of VSC-MTDC Systems 1) Evaluation of Generation Cost Reduction Due to VSC-MTDC Systems:
As a first step of the cost-benefit analysis, the M-OPF model is executed with the objective function of minimizing the total generation cost. In order to understand the economic benefits of the VSC-MTDC under different system conditions, the transmission system is incrementally stressed by increasing the system load. The system load is increased equally at all load busses in steps of 1% of the nominal value up to 120%. Fig. 6 shows the generation cost of the selected 15 cases. The costs are normalized over the base case (pure ac system) for the same load condition. As can be seen in the figure, in most cases (except Case-12 and Case-13), the generation costs are reduced by using VSC-MTDC.
2) Cost-Benefit Analysis: the Benefit-to-Cost Ratios (BCRs): The cost-benefit analysis for the alternatives of the VSC-MTDC system has been carried out using the approach described in Section IV. The calculated total benefits (i.e., the sum of reduction in generation cost and reduction of active power loss cost) of all the considered cases are shown in Fig. 7 It is noted that the results are calculated for 30 years. As can be seen in Fig. 7, 11 out of 15 cases considered have shown positive total benefits from using VSC-MTDC systems. The cases with high total benefits correspond to the "serial" topology type of VSC-MTDC, while all of the cases using the radial or ring topology of the VSC-MTDC system show much smaller Fig. 7 . Present value of the reduction of generation cost, the reduction of costs of power loss, and the total economic benefit. The results are grouped based on the topology type of VSC-MTDC systems (as shown in Table I ). The objective of M-OPF is to minimize the generation cost. Table I ).
or even negative benefits. This could be due to the fact that the same rating is used for all VSC stations. When two dc links are connected to one VSC station in the cases using radial or ring topology type, they are limited by the capacity of that VSC station. Therefore, the capacity of these two dc links cannot be fully utilized. Case-8 appears to have the highest total benefit because it has the highest reduction in total generation cost, even though it has the negative reduction cost of power loss (i.e., increase in the cost of loss). This might be attributed to the fact that the VSC-MTDC system in Case-8 connects the generation area in the North with the load area in the South. The configuration and connection of the VSC-MTDC system in Case-8 are shown in Fig. 5 . Since the power flow through the dc links in this case is controlled at their highest capacities, the total power transmission from North to South is increased compared to that in the base case with only ac transmission lines. Therefore, the total generation cost is reduced because more hydropower generation can be used. On the other hand, the VSC introduces more power loss with the transmission of high power. Therefore, the total system power loss in this case is more than that of the base case. Fig. 8 shows the calculated BCRs for all cases. The BCRs reflect the economic performance of the alternatives considered in terms of system cost reduction for every dollar of investment cost. From the figure, it can be seen that Case-8 has the highest BCR which is the preferred case from an economic benefits perspective. Case-5, Case-6, and Case-11 are among the other cases with high BCRs. However, the BCRs for all cases are found to be lower than unity and some of them are even negative, which means the total benefits considered in this study by utilizing VSC-MTDC are lower than its investment cost. It should be noted that this study focuses on analyses in the steady state. The other technical benefits in the dynamic state, including the improvement of system controllability and dynamic performance, are beyond the scope of the present study. In addition, the transmission charge could be considered a source of income from the project. It will be studied in the future work, and has not been included in this study. If such benefits could be considered, the BCRs would obviously be much higher. Therefore, BCR is only one of the "performance indicators" which should be considered in selecting VSC-MTDC projects.
3) Sensitivity Analyses: VSC Nominal Capacity and VSC Loss Level: In order to understand how the results (i.e., the BCRs values) would vary with changes in the technologies of VSC-MTDC systems, sensitivity analyses have been performed with regard to the changes in nominal capacity and VSC losses for four selected Cases-5, 6, 8, and 11. Summary results of the sensitivity analyses are shown in Fig. 9 . As can be seen in the figure, when the capacity of the VSC-MTDC system is increased by 20%, from 1000 MW to 1200 MW (the dc cable conductor area is changed to 2200 mm ), the total benefits for all four cases are increased by about 70% when the VSC loss is 1.76% of the nominal VSC capacity, and by about 50% when the VSC loss is 0.9% or 0.5% of the nominal VSC capacity. When VSC losses are decreased to 0.9% of the nominal VSC capacity, the total benefits for all four cases above are increased by about 50% for the VSC capacity of 1000 MVA, and by about 80% if the VSC loss is further decreased to 0.5% of the nominal VSC capacity. The BCRs have not been calculated in the sensitivity analyses because the estimation of the costs of the VSC having lower losses is not clear yet. It is clear that Case-8 still remains the preferred alternative for the VSC-MTDC system.
4) Loss Reduction Performance of the Selected VSC-MTDC System:
To understand how the VSC-MTDC system could contribute to the total system loss reduction, the M-OPF model with the objective function of minimizing the total loss is executed for the case selected in the cost-benefit analysis before (Case-8) under the various load conditions described in Section V-B1 of this paper. The normalized system losses, with respect to the base case, are shown in Fig. 10 . It is quite interesting to observe that the total power loss of the mixed ac/dc grid is not always lower than that of the base case. As can be seen in Fig. 10 , when the load is lower than about 1.18 times the base case value, the total loss in the mixed ac/dc system is higher than that of the pure ac system. However, as the system is getting more stressed, the total power loss of the mixed ac/dc grid is becoming lower than that of the base case. This is due to the fact that the VSC-MTDC system does help the ac system reduce the power loss under all load conditions. However, the VSC itself introduces power losses which outweigh the reduced loss from the ac system when the system is lightly loaded. The benefit of the VSC-MTDC in reducing power losses is only apparent in heavy loading conditions.
VI. CONCLUSION
In this paper, an extended OPF model incorporating the detailed model of a multiterminal VSC-HVDC (VSC-MTDC) system is proposed. The model is employed as the calculation engine for the proposed cost-benefit analysis to evaluate the benefits offered by the VSC-MTDC embedded into an existing ac transmission system. A case study using a modified Nordic 32-bus system has been performed. The study concludes that the VSC-HVDC systems might lead to reductions in total system operation cost. It is important to note that the reduction of the total system transmission loss depends to a large extent on the VSC-MTDC configuration, and can only be achieved under certain load conditions. The results from sensitivity analyses show that if the VSC loss could be reduced to a third of the original level, the total benefit from the system would be increased by about 70%. A suggestion for the placement and configuration of a VSC-MTDC system is made based on calculated BCRs. To gain a more complete picture of the total benefits rendered by VSC-MTDC projects, additional technical benefits have to be studied and will be the subject of further investigations.
